A procedure is presented that allows identifying large burned scars and the monitoring of vegetation recovery in the years following major fire episodes. The procedure relies on 10-day fields of Maximum Value Composites of Normalized Difference Vegetation Index (MVC-NDVI), with a 1 km×1 km spatial resolution obtained from the VEG-ETATION instrument. The identification of fire scars during the extremely severe 2003 fire season is performed based on cluster analysis of NDVI anomalies that persist during the vegetative cycle of the year following the fire event. Two regions containing very large burned scars were selected, located in Central and Southwestern Portugal, respectively, and time series of MVC-NDVI analysed before the fire events took place and throughout the post-fire period. It is shown that post-fire vegetation dynamics in the two selected regions may be characterised based on maps of recovery rates as estimated by fitting a monoparametric model of vegetation recovery to MVC-NDVI data over each burned scar. Results indicated that the recovery process in the region located in Central Portugal is mostly related to fire damage rather than to vegetation density before 2003, whereas the latter seems to have a more prominent role than vegetation conditions after the fire episode, e.g. in the case of the region in Southwestern Portugal. These differences are consistent with the respective predominant types of vegetation. The burned area located in Central Portugal is dominated by Pinus Pinaster whose natural regeneration crucially depends on the destruction of seeds present on the soil surface during the fire, whereas the burned scar in Southwestern Portugal was populated by Eucalyptus that may quickly re-sprout from buds after fire. Besides its simplicity, the monoparametric model of vegeta-
Introduction
Because of the usually high levels of inflammable material associated with low moisture contents, wildfire activity represents one of the main disturbances of Mediterranean ecosystems (Trabaud, 1987) , playing a key role in the dynamics and structure of plant and animal communities (Elvira and Hernando, 1989) . Fire usually destroys or depletes vegetation rapidly, in contrast to fire recovery that is a long-term process. Some of the plant communities in the Mediterranean ecosystems, known as resprouter species, have high elasticity after a fire because they are often able to regenerate by means of resprouting from fire resistant structures (López-Soria and Castell, 1992; Hodgkinson, 1998) . Other species, the so-called obligate seeders, rely on the germination of fire protected seeds stored in the soil or in the canopy (Lloret, 1998; Arianoutsou and Ne'eman, 2000) . However, not all Mediterranean species are able to survive fire episodes (Retana et al., 2002; Lloret and Vilà, 2003) .
The number of fires and the extent of the burned surface in Mediterranean Europe have increased significantly during the last decades (Röder et al., 2008) . This may be either due to land-use changes (e.g. land abandonment and fuel accumulation) or to climatic changes (e.g. reduction of fuel humidity, due to prolonged drought events) that increase fire risk and fire spread (Millán et al., 1998; Pausas and Vallejo, 1999) , or to a combination of both. In addition, the accumulation of fuel and the homogenization of the landscape (following land abandonment) increase the probability for Published by Copernicus Publications on behalf of the European Geosciences Union. 674 C. Gouveia et al.: Post-fire vegetation recovery based on spot/vegetation data accidentally lit fires and arson (Moreno et al., 1998; Moreno, 1999) . At the landscape level, post-fire regeneration depends mainly on initial vegetation and onsite environmental factors, as given by climatic and terrain parameters (Pausas and Vallejo, 1999) . Vegetation cover plays, in turn, a key role on soil erosion and land degradation processes (Shakesby et al., 1993; DeBano, 2000; . Moreover, the destruction of vegetation by wildfires generally leads to an intensification of runoff and erosive processes (Inbar et al., 1997 (Inbar et al., , 1998 De Luis et al., 2003) . Thornes (1990) has suggested that a minimum of 30% vegetation cover is required to protect soils against water erosion. Studies performed at various spatial scales and under different ecological conditions indicate that the majority of loss of sediments occur during the first year after fire occurrence (DeBano et al., 1998; Inbar et al., 1998; Cerdà and Doerr, 2005) and that the risk of post-fire soil erosion increases with the time required for vegetation to reach the minimal threshold cover (Shakesby et al., 1993; Inbar et al., 1998) . Therefore, a thorough evaluation of vegetation recovery after fire events becomes crucial in land management (Wittenberg et al., 2007) .
Interactions between fire severity, vegetation recovery and climate are, however, still not fully understood, namely at the scale of large fires. At this scale, remote-sensing imagery has proven to be especially suitable for monitoring plant regeneration after fire (Malingreau et al., 1985; Viedma et al., 1997; Díaz-Delgado and Pons, 2001 ) and for spectrally recognizing fire severity (Caetano et al., 1994 (Caetano et al., , 1996 White et al., 1996) . A considerable number of fire recovery studies, based on remote sensing, have been conducted in regions characterised by Mediterranean climates (Jakubauskas et al., 1990; Marchetti et al., 1995; Viedma et al., 1997; Díaz-Delgado et al., 1998 Úbeda et al., 2006; Röder et al., 2008; Vila and Barbosa, 2009 ). Some of them focus on a specific fire event, hence, incorporating a pre-specified time span using a limited number of images (e.g. Marchetti et al., 1995; Díaz-Delgado and Pons, 2001; Díaz-Delgado et al., 2003) . Several authors have tested the use of Normalized Difference Vegetation Index (NDVI) to monitor plant regeneration after fire (Malingreau et al., 1985; Paltridge and Barber, 1988; Viedma et al., 1997) . The Enhanced Vegetation Index (EVI) that accounts for residual atmospheric contamination (e.g. by aerosols) and variable soil background reflectance has also been used for monitoring vegetation structure and function with successful results (Wittenberg et al., 2007) . A different approach to post-fire regeneration monitoring, based on Spectral Mixture Analysis (SMA), has also been adopted by several authors (Viedma et al., 1997; Röder et al., 2008) . Since SMA may be used to discriminate ash and charcoal, it allows for the conclusion on fire severity; however this approach appears to be more appropriate for the data recorded with hyperspectral sensors due to their higher spectral dimensionality (e.g. Riaño et al., 2002) .
The aim of the present paper is to develop a general procedure that allows for the identifying of large burned scars and to monitor vegetation recovery processes during the following years. The procedure relies on monthly values of the NDVI, with a 1 km×1 km spatial resolution, as obtained from the VEGETATION instrument. The study is applied to the fire season of 2003, the worst ever recorded in Portugal since 1980 (Trigo et al., 2006) . The identification of large fire scars is first performed based on cluster analysis of NDVI anomalies that persist during the vegetative cycle of the year following the fire event. Two severely burned large scars, located in Central and Southwestern Portugal, respectively, are selected and the time series of NDVI studied before the fire events and throughout the post-fire recovering period. It is then shown that post-fire vegetation dynamics may be characterised by means of a monoparametric model that allows the estimating of recovery rates. The dynamics of the regeneration processes over the two selected regions are analysed and compared by means of maps of recovery rates, obtained by fitting the proposed monoparametric statistical model to the time series of NDVI over each burned scar. The roles played by vegetation density before the fire events and by fire damage are examined and differences between the two regions explained in terms of the predominant types of vegetation.
Rationale
Post-fire dynamics is a complex phenomenon, which depends on a combination of factors from local physiography and climate to pre-fire vegetation conditions (Quinn, 1986; Lloret and Vilà, 2005) . In the case of the Iberian Peninsula, as in other Mediterranean regions, water availability is a major limiting factor (Le Houerou, 1988; Gouveia et al., 2008 Gouveia et al., , 2009 , with the vegetation cover tending to be denser in areas with higher water availability than in drier areas (Kutiel, 2000; Lloret et al., 2005) . Post-fire regeneration rates in these regions are, therefore, different as a result of a decrease (increase) of resprouters (obligate seeders) that occurs when aridity increases (Pausas and Vallejo, 1999; Pausas et al., 2004; Lloret et al., 2005) . These differences may be related to a better ability of seeders (when compared to resprouters) to survive in poor nutrient sites than during drought events (Knox and Clarke, 2005) . Moreover, the proportion of resprouters to obligate seeders may be determined by changes in the disturbance regime and by climatic factors (Noble and Gitay, 1996; Flannigan et al., 2000) .
Several studies have shown that rapid regeneration occurs within the first 2 years after the fire occurrences (Trabaud, 1981; Inbar et al., 1998) , with distinct recovery rates at the north and the south facing slopes (Cerdà and Doerr, 2005) . For instance, Pausas and Vallejo (1999) have shown that on the Iberian Peninsula, one year after a given fire event, vegetation cover reached 52% on the north-facing slope and only 32% on the south-facing slope. Similar trends were found at the Mt. Carmel region, Israel, after the 1988 fire event (Kutiel, 1994; Inbar et al., 1998) . Lower levels of vegetation greenness, after the second of two successive fires occurring within an 11-year interval, have been observed by Díaz-Delgado et al. (2002) , an indication that green biomass diminishes significantly when disturbances occur within short time intervals. The authors concluded that increased fire frequency might reduce ecosystem resilience, i.e. the ability of the system to recover up to a pre-disturbance state.
Fire effects on plant and soil vary according to fire intensity and time of exposure. Fire intensity is considered to be one of the most significant parameters for recognition of the fire regime of a specific region. Fire intensity affects resprouting potential, the number of viable seeds after a fire, soil nutrient status and post-burn species and characteristics (DeBano et al., 1979; Malanson and Trabaud, 1988) . On the other hand, fire severity integrates physical, chemical and biological changes occurring in a given area as a consequence of fire (White et al., 1996) and is related to plant damage. Fire produces immediate effects on aerial vegetation, which becomes evident by total plant death or by partial destruction. However, high canopy trees may not be affected by ground fires due to the vertical discontinuity of fuel that avoids fire achieving the canopies. The vegetation response depends on the different plant strategies for regeneration after fire (Úbeda et al., 2006) .
In 2003, Portugal was hit by the most devastating sequence of large fires, responsible for a total burned area of 450 000 ha (including 280 000 ha of forest), representing about 5% of the Portuguese mainland (Trigo et al., 2006) . According to Nunes et al. (2005) , who have analysed a set of 506 fires that burned in Portugal in 1991, another extremely severe fire season, very large fires (larger than 1500 ha) mainly occur in maritime pine (Pinus pinaster) stands, followed by Eucalyptus (Eucalyptus globulus) plantations and Eucalyptus/pine mixed forests and then by shrublands. The authors further pointed out that maritime pine stands are mainly found in northern and central Portugal having a typical density lower than 600 trees ha −1 , whereas Eucalyptus plantations are mainly located in western Portugal with a density usually higher than pine stand but typically below 900 trees ha −1 .
Two areas, hereafter referred to as Regions I and II, were accordingly chosen; the first one located in Central Portugal and the other one in the Southwestern region of Algarve. Each chosen area was severely affected by wildfires in 2003 that led to burned scars larger than 80 000 ha each. It may be noted that the spatial extent of each burned scar is larger than the annual average of total burned areas in Mediterranean countries such as France and Greece (Barbosa et al., 2007) . According to the Corine Land Cover 2000 (CLC2000) classification ( Fig. 1 , left panel), Region I is predominantly (around 80%) occupied by coniferous forest (identified by the dark green colour), whereas most pixels located in Region II (about 70%) correspond to broadleaved forest (iden- tified by the light green colour). Complementary information about the dominating species in the two regions may be found in the map (Fig. 1 , right panel) provided by the Portuguese National Forest Authority (ANF) and it may be observed that Region I is dominated by Pinus Pinaster, whereas Eucalyptus is the predominant species in Region II.
The differences in post-fire vegetation recovery are, therefore, to be expected in Regions I and II because of the respective types of predominant vegetation. On the one hand, since Pinus Pinaster is an obligate seeder that responds to fire through rapid seed dispersal, post-fire regeneration in Region I will crucially depend on the destruction of seeds present on the soil surface during the fire episode (Calvo et al., 2008) . Accordingly, it may be anticipated that the magnitude of fire damage will play a major role in the vegetation dynamics over Region I. On the other hand, the burnt scar in Region II was mainly populated by Eucalyptus, a species that is able to vegetatively regenerate branches along their trunks from buds located beneath the bark (Burrows, 2002) . Since Eucalyptus is a species characterised by a very rapid recovery process (Catry et al., 2006) , recovery time over Region II is expected to depend on vegetation density rather than fire damage.
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Vegetation dynamics is assessed based on fields of NDVI as derived from images acquired by the VEGETATION instrument on-board SPOTs 4 and 5 satellites. VEGETATION is an optical multi-spectral instrument that performs a daily, and almost complete, cover of the Earth with a spatial resolution of 1 km 2 in four spectral bands (Hagolle et al., 2003) . NDVI data were extracted from the so-called S10 products of the VITO database (http://free.vgt.vito.be) which are provided on a 10-day basis as derived using the Maximum Value Composite method (MVC). The method simply consists of selecting, for each pixel, the maximum NDVI among 10 consecutive daily images (Holben, 1986) . MVC-NDVI values are supplied on a regular latitude-longitude grid at the resolution of 0.008928 • (corresponding to cells over Portugal of about 750 by 1000 m in the zonal and meridional directions, respectively). The considered period ranges from 1988 to 2006 and the selected region extends from 37 • N to 42 • N and from 9 • W to 6 • E.
Data from the MVC-NDVI set were geometrically calibrated as well as atmospherically and radiometrically corrected. Geometric corrections aimed at mitigating system effects like satellite location and orientation. The atmospheric correction, which includes both absorption and scattering processes, is based on a modified version of the Simple Method for the Atmospheric Correction (SMAC) code (Rahman and Dedieu, 1994; Vermote et al., 1997) . Radiometric corrections of instrument calibration effects rely on a linear model that normalizes the Charge-Coupled Device (CCD) response. Further details on the correction methods may be found in Maisongrande et al. (2004) .
Time series of MVC-NDVI composites have proven to be a source of important information for monitoring surface vegetation greenness at the global and regional scales (Zhou et al., 2001; Lucht et al., 2002; Nemani et al., 2003) . Nevertheless, some problems have been identified related to cloud contamination, shadows and snow, sun/view directional dependence of the spectral response as well as with the dependence of phenological changes both on time of observation and on geographical location. In order to create a consistent dataset of vegetation dynamics, each annual time-series of MVC-NDVI was analysed and corrected, according to the procedure applied by Stockli and Vidale (2004) to the Pathfinder NDVI data in order to create a continuous European vegetation phenology dataset at a 10-day temporal and a 0.1 • spatial resolution. The methodology relies on the application of an adjustment algorithm based on a weighted second-order Fourier analysis of the data, as previously described by Sellers et al. (1997) and Los (1998) . Further details may be found in Gouveia et al. (2009) .
Methodology
The methods used in the present work fall into two main categories:
-unsupervised clustering of the spatial distribution of monthly values of MVC-NDVI over Portugal as well as of the distributions of post fire recovery time of vegetation vs. vegetation density and of recovery time vs. fire damage over the burned scars inside selected Regions I and II;
-fitting of a monoparametric model of post-fire vegetation recovery to monthly deviations of NDVI spatially averaged over the burned scars inside selected Regions I and II.
Data clustering
Unsupervised clustering is performed based on the so-called K means (MacQueen, 1967; Hartigan and Wong, 1975) that is one of the simplest methods of partition clustering. The algorithm uses an iterative refinement technique that aims at minimizing the sum of squares of distances between data and the corresponding cluster centroid. For this purpose, data points are displaced from cluster to cluster until the sum cannot be decreased any further. The result is a set of clusters that are optimally compact and separated.
Model of vegetation recovery
Designed to capture the contrast between red and nearinfrared reflection of solar radiation by vegetation, NDVI has been widely used in studies of vegetation phenology and interannual variability of vegetation greenness (Gouveia et al., 2008) and has proved to be particularly useful for monitoring plant regeneration after fire events. Let NDVI(t) indicate vegetation greenness at time t at a given location and let the lack of greenness, y(t), be defined as:
where NDVI * (t) is an asymptotic annual cycle representing an ideally healthy state of vegetation along the phenological year. According to the definition, NDVI * (t) is a periodic function, with a period of one year. Let the instantaneous recovery rate, dy dt, be proportional to the lack of greenness, i.e.
where b is a positive constant and the minus sign ensures that the recovery rate is a positive quantity (given the fact that y(t) is always negative).
Integration of the previous ordinary differential equation leads to
where a=NDVI(t=0)-NDVI * (t = 0) is a negative constant representing the lack of greenness at the time of occurrence of the fire event. It is worth noting that parameter a corresponds to the largest negative value of y(t) (i.e. largest lack of greenness) and may, therefore, be viewed as an indicator of fire damage, whereas parameter b characterises the vegetation recovery rate. Similar models have been proposed in different domains of environmental science, e.g. for the build-up and decomposition of organic matter (Olson, 1963) and for the so-called biological oxygen demand (BOD) of polluted water (Sawyer et al., 2002) . In this particular case, the concept of BOD is very similar to the above proposed concept of lack of greenness, since it represents the amount of oxygen required by aerobic micro-organisms to decompose the organic matter in the sample of water.
The proposed model (Eq. 3) involves prescribing three parameters, namely NDVI * , a and b. In the present study, monthly means of NDVI * were estimated based on the annual cycle of maximum NDVI for each month over the considered period. This particular estimate will be hereafter referred to as the Gorgeous Year (GY) of vegetation at a given location. For instance, the annual cycles of GY for Regions I and II are represented by the black curves in Fig. 4 . The value of a was simply prescribed based on the observed monthly value of NDVI of the month immediately following the fire event. Finally, using the time series of observed monthly values of ln y(t) a following the fire event i.e. of the natural logarithm of
the value of b was estimated by means of regression analysis performed on the following linear model in b equivalent to the one given by Eq. (3) ln
The described procedure is comparable to the one proposed by Díaz-Delgado and Pons (2001) who selected several burned areas and then monitored the regeneration process of different plant communities. Recovery rates were estimated by means of logarithmic regression models (Díaz-Delgado et al., 1998 and the authors have used spatial averages of NDVI, as obtained from Multispectral Scanner (MSS) on board Landsat 1-5 satellites, over each selected burned area. Spatial averages over nearby control areas (not burned), which shared comparable phenological behaviour and similar dominant species composition, were also used to remove the seasonal cycle of NDVI. It is worth noting that, in our approach, the GY years play a similar role than the control areas. In fact, the use of control areas was impaired in our study because of the heterogeneity of the vegetation background in Region I and due to the fact that virtually all the forest was burned during the fire episode Region II. [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] . It is worth noting that, taking into account the small length of the sample (8 years), the procedure adopted by Gouveia et al. (2009) was followed and the median was used (instead of the mean) in order to avoid the lever effect of the extremely low NDVI values that were attained in the drought years. As shown in Fig. 2 (right panel), cluster analysis allows for the identifying of two clusters whose centroids are associated with monthly NDVI anomalies of opposite behaviour throughout the year; one of the centroids (black solid circles) is characterised by systematic negative values of monthly anomalies, whereas the other one (grey open circles) is associated to non-negative values, in particular from November to April. The spatial distribution of the two identified clusters (Fig. 2, left panel) was visually checked against the official chart of wildfires provided by ANF (not shown), which is based on information from end-of-fire season Landsat imagery. As expected, pixels belonging to the first cluster (black pixels in left panel) clearly matched burned areas in the ANF chart, providing a strong indication that the developed procedure, based on the analysis of strongly negative anomalies of NDVI that persist during the vegetative cycle of the year following the fire event, leads to an adequate identification of large burned scars.
Results

Because
The distribution of the median fields of MVC-NDVI in May over Regions I and II is presented in Fig. 3 . It may be noted that the computation of the median was restricted to the period 1999-2003 in order to exclude the signature of the fire events. With the exception of a small area located in the right bottom tip, the spatial distribution of median NDVI over Region I (Fig. 3, left panel) has a rather homogeneous character, with values of about 0.7. A stronger contrast may be observed in Region II (Fig. 3, right panel) , between a greener central sector, with values of about 0.75, and the two lower extremities, where the median NDVI is about 0.5. Figure 4 presents the time series of MVC-NDVI spatially averaged over Regions I and II (curves in grey). The distinct interannual cycles are worth noting, the higher (lower) interannual variability in Region II (Region I) being characteristic of broadleaved (coniferous) forest. The sharp decay in NDVI immediately after the fire events of 2003 is also well apparent and, in this respect, the overall behaviour of the annual cycles of NDVI provides a strong indication on the adequacy of using time series of NDVI to assess vegetation recovery after a large fire event. It is also worth mentioning that, besides the recurrent large summer wildfires , Western Iberia was affected by severe drought episodes (VicenteSerrano, 2006) . For instance, Southern Iberia was affected by an intense drought in 1999 that was responsible for the occurrence of extreme low values of NDVI, particularly during the growing season. Although the impact of the drought period was higher over arable land (Gouveia et al., 2009) , the event was severe enough to also affect the broadleaved forests. Table 1 and it may be noted that more than three quarters of the variance are explained by the linear model in the case of Region I, contrasting with the case of Region II where explained variance by the model reduces to 49%. The difference in goodness-of-fit in the two Regions may be understood by inspecting the time series of observed and modelled values of lack of greenness, y, for the two selected scars (Fig. 5) . In fact, the behaviour of y in the first two years following the fire events is much more irregular in the case of Region II than in the case of Region I. This is further confirmed by looking at mean annual values of lack of greenness (indicated in Fig. 5 by the large grey circles) where the fitted model is much closely followed in Region I than in Region II. Such discrepancies become attenuated during the third year in both Regions raising the possibility that the different features observed in the first two years may be due either to the severe drought of [2004] [2005] that was particularly severe in Southern Portugal (Gouveia et al., 2009) or to a sensitivity of vegetation recovery in each Region to different factors (e.g. vegetation density and fire damage). This last aspect will be examined in more detail in the last section. Figure 5 also presents estimates of recovery time, t R (indicated by the arrows in both panels which were simply obtained by computing the instant when the modelled curve of y crosses the so-called level of vegetation recovery, here defined as 90% of the mean value of y during the prefire period. Accordingly, Region II has a shorter recovery time (t R =43 months) than the one obtained in Region I (t R =52 months). Table 1 further provides 95% confidence intervals of recovery time in both Regions and it is worth noting that even taking into account such uncertainties, there is a one-year lag of Region I in vegetation recovery which, when compared with Region II, occurs in the following vegetative cycle.
A better insight into the post fire dynamics in the two considered Regions may be obtained by studying the respective spatial variability of the recovery processes. The developed methodology was, therefore, applied to individual pixels of the two areas, i.e. to a total amount of 682 (484) pixels in Region I (II). The obtained overall distributions of recovery time, t R (Fig. 6) are the ones to be expected, Region II (right panel) exhibiting shorter recovery times than Region I (left panel). Nevertheless, the spatial consistency is worth being stressed since it gives an indication of the robustness of the developed method. In fact, recovery times tend to form homogeneous patches that may be viewed as reflecting differences in physiographical and climatic conditions as well as in vegetation cover. Spatial discontinuities in the values of recovery time may also be identified along some bordering pixels that tend to have longer recovery times. This is, however, attributed to the coarse resolution of the data that leads to contamination of border pixels by the unburned surroundings. Table 2 presents the relative frequencies of the obtained estimates of recovery time, t R , for the two considered regions. The contrasting characteristics of the two regions become apparent with recovery times in Region I tending to concentrate around 50 months (almost half of the pixels have recovery times in the order of 45-55 months) and Region II tending towards shorter values of recovery time (more than half of the pixels have recovery times lower than 35 months). i.e. 33 months after the fire event, the vegetation has considerably recovered in both regions. Several additional features, within the two regions, are worth being pointed out. For instance, in May 2004, an area of higher photosynthetic activity may be identified in the western half of Region II, which contrasts with the extremely low values in some peripheral areas in the south. On the contrary, the spatial distribution of greenness over Region I has a more homogeneous character, the exception consisting of the pixels with extremely low values of NDVI located in the southeast of the region, whose anomalously low values are still detectable in May 2006. Some pixels located along the scar boundary are suspicious because of the higher values of NDVI, but again this may be attributed to the contamination by the unburned neighbourhood.
Figures 8 and 9 present results with respect to Regions I and II when K-means clustering was performed respectively on pairs {t R ,NDVI MEDIAN } and {t R ,NDVI 2004 }, NDVI MEDIAN denoting the median of NDVI in May during the pre-fire period (Fig. 3) and NDVI 2004 referring to the field of NDVI in May 2004 (Fig. 7, central panels) . Identified centroids (Figs. 8 and 9 , upper panels) may indicate the existence of relationships between the analysed pairs of variables but their physical meaning has to be carefully checked, for example, by analysing the spatial distribution of obtained clusters (lower panels). The analysis allows identifying three clusters on pairs of {t R ,NDVI MEDIAN } (Figs. 8 and 9 , left panels) and {t R ,NDVI 2004 } (right panels) which are characterised by means of dispersion diagrams (upper panels) as well as by the respective spatial distributions (lower panels) over Regions I and II.
In the case of the fire scar located in Region I, the three centroids, as obtained from the pairs of {t R ,NDVI 2004 } (Fig. 8, upper right panel) , suggest the existence of a monotonic relationship between the two variables, the recovery time, t R , tending to increase with decreasing NDVI 2004 . Besides suggesting a plausible (and expectable) relationship, the three identified clusters exhibit distinct variability ranges in both variables as suggested by the absence of superposition of the interquartile ranges. The spatial distribution ( Fig. 8, lower right panel) of the identified clusters is also very similar to the ones of both t R (Fig. 6 , left panel) and NDVI 2004 (Fig. 7, upper middle panel) . The same does not happen, however, in the case of the three clusters as obtained from the pairs of {t R ,NDVI MEDIAN } (Fig. 8 , left panels); differences among the clusters are due to differences in NDVI MEDIAN (and less to t R ) and neither the obtained clusters suggest the existence of a monotonic relationship between the two parameters, nor the spatial distribution of the clusters is similar to the ones of either t R (Fig. 6, left panel) or NDVI MEDIAN (Fig. 3, left panel) .
Different results are obtained in the case of Region II. In fact, the analysis performed on pairs of {t R ,NDVI MEDIAN } leads to the identification of a very homogeneous cluster that congregates 62% of the pixels (black cluster in Fig. 9 , upper left panel). This cluster corresponds to pixels characterised by dense vegetation before the fire episode and by very short recovery times, around 40 months. Moreover, the spatial distribution of this cluster (black pixels in Fig. 9 , lower left panel), located over the central area of the burned scar, closely matches the distribution of either the higher values of NDVI MEDIAN (Fig. 3, right panel) and the lower values of t R (Fig. 6, right panel) . On the other hand, results obtained from the pairs of {t R ,NDVI 2004 } are less consistent (Fig. 9 , right panels), the two more populated clusters presenting similar recovery times for different ranges of NDVI 2004 and the respective spatial distributions having virtually no affinity with the spatial distributions of either t R (Fig. 6, right panel) or NDVI 2004 (Fig. 7 , lower middle panel). Post-fire vegetation dynamics in the two selected regions were then characterised based on maps of recovery rates as estimated by fitting a monoparametric model of vegetation recovery to MVC-NDVI data over each burned scar. Postfire recovery rates over extensive burned areas are likely to strongly depend on the predominant type of vegetation and this was confirmed by the obtained results in Regions I and II. In fact, the longer recovery times, t R , in the burned scar inside Region I (the southeastern corner reaching values of t R of the order of 75 months) are consistent with the fact that the region is dominated by coniferous forests, namely Pinus Pinaster, whereas the considerably shorter values of t R observed in Region II are, in turn, consistent with the predominance of Eucalyptus (Fig. 1) and its quicker recovery process. Three years after the fire events, the spatial distribution of monthly means of MVC-NDVI in Regions I and II presents differences with regard to homogeneity (Fig. 7) , Region I presenting a rather homogeneous character that contrasts with Region II where an area of higher photosynthetic activity in the west may be identified, as opposed to the extremely low values in peripheral areas in the south. This feature, together with differences observed in the time evolution of lack of greenness in the two regions, raises the possibility of the existence of a sensitivity of vegetation recovery in each Region to different factors. In fact, besides depending on changes in density of vegetation, the spatial variability within each considered region may be related to a number of factors, which include terrain slopes (Kutiel, 1994; Inbar et al., 1998; Pausas et al., 1999; Cerdà and Doerr, 2005) , climatic trends and meteorological regimes (DeLuis et al., 2001 (DeLuis et al., , 2004 , fire frequency (Röder et al., 2008) , and fire intensity and severity (Malanson and Trabaud, 1988; Zammit and Zedeler, 1988, White et al., 1996) . The available dataset of MVC-NDVI allows for the assessing and comparing of the impact on vegetation recovery of two indicators of preand post-fire vegetation conditions, namely vegetation density and fire damage. In fact, the median of NDVI in May, during the pre-fire period (NDVI MEDIAN ), may be viewed as an indicator of vegetation density of a given pixel, whereas the field of NDVI in May 2004 (NDVI 2004 ) may be considered as a measure of fire damage, in particular, its impact on the new phenological cycle. This latter aspect has, in fact, motivated the choice of NDVI 2004 instead of either lack of greenness immediately after the fire event (i.e. parameter a of Eq. 3) or NDVI in October 2003. Furthermore, NDVI 2004 presents the advantage of being free from the influence of ashes and charcoal that could be misleading with low vegetation activity during the months immediately following the fire season.
The impact on vegetation recovery, of either vegetation density or fire damage, was assessed accordingly by means of a cluster analysis performed on pairs {t R ,NDVI MEDIAN } and {t R ,NDVI 2004 }, respectively. In the case of Region I (Fig. 8) , post-fire vegetation dynamics seems to be mostly related to vegetation conditions after the fire episode (i.e. NDVI 2004 ) rather than to the vegetation density before 2003 (i.e. NDVI MEDIAN ). On the contrary, in the case of Region II (Fig. 9 ) the role of vegetation density, before the fire episode, seems to have been more prominent than the one played by fire damage.
The consistency of results obtained on the spatial distribution of recovery times over the two study regions, as well as of the relationships with vegetation density and fire damage, provides a strong indication that, despite its apparent simplicity, the developed model of vegetation recovery is able to provide adequate estimates of recovery times (at least for Pinus Pinaster and Eucalyptus, two important western Iberian tree species). This is particularly useful since the proposed model only requires time series of NDVI of a relatively modest length, the stability of estimates being ensured partly by the fact that a single parameter is estimated by linear regression from the data. The model also has the advantage of not requiring the definition of control regions to remove the seasonal cycles of NDVI, which may be difficult to define either because of the heterogeneity of the background or because of the extension of the burned area.
Finally, current work by the authors shows that the method can be easily applied to large fire scars in other Mediterranean regions. It is also worth stressing that, although based on data from VEGETATION, the proposed model has the potential of being adapted for other low-resolution satellite data, in particular those from AVHRR as well as to other types of vegetation indices.
